Environmental context. Iron, a limiting nutrient of plankton in the ocean, is deposited to the sea from atmospheric aerosols. In particular, atmospheric acidic conditions promote dissolution of iron from fly ash, a byproduct of coal-fired power plants. Here, we report that the iron leached from fly ash depends on its source region, and that the type of combustion process may influence the iron species mobilized.
Introduction
Over the last few decades, the global production of fly ash, a by-product of coal-fired power plants, has risen. [1] In the early 1990s, fly ash production was estimated at over 300 Tg per year worldwide. [2] Recent annual estimates indicate that the production of fly ash in the United States is ,66 Tg, 90 Tg in China and India each, and over 31 Tg in Europe. [3] [4] [5] [6] Although efforts have been made to dispose of fly ash and prevent its emission into the atmosphere, field studies performed over the last decade have found fly ash particles in isolated regions, suggesting long-range atmospheric transport. [7] [8] [9] [10] All fly ash particles found in the atmosphere are fine particulate matter (,2.5 mm) released either by direct emission or by fugitive emissions from the handling of fly ash. [10] [11] [12] [13] Because of its size and morphology, fly ash tends to have long residence times, long-range transport and high atmospheric lifetimes. [7, 8, 10] Owing to their high iron oxide content, these combustion particles have been suggested as a source of atmospheric aqueous iron. [13, 14] In fact, anthropogenic aerosols, including fly ash, have been shown to contribute ,50 % of the iron deposited near industrial regions and at least 5 % over open oceans. [15] Iron leach from tropospheric aerosols during atmospheric acidic processing has been suggested as a source of bioavailable iron, Fe 2þ , in open oceans. [16, 17] As a limiting nutrient in isolated regions of the ocean, Fe 2þ stimulates phytoplankton growth and promotes the sequestration of atmospheric CO 2 . [18] [19] [20] [21] Thus, the wet deposition of Fe 2þ from fly ash may impact climate fluxes. [22, 23] Recently, laboratory studies on fly ash standards have shown that combustion anthropogenic aerosols may have a similar stimulatory effect on phytoplankton growth. [13, 15, 24] Specifically, Chen et al. have shown that fly ash standards leach iron ions under atmospherically relevant conditions. [13, 25] These studies observed the leach of both Fe 2þ and Fe 3þ from fly ash, indicating that fly ash may contribute a significant fraction of iron to the atmosphere. [13, 24, 25] However, the availability of iron from fly ash depends closely on its minerology and particle size. [26] Moreover, fly ash chemical composition and particle morphology vary with the source region and combustion process employed. The mineralogy and particle size of fly ash are determined by the chemical composition of the coal employed in the power plant, as well as the combustion process parameters in the boiler, such as air supply, heat of the combustion and duration of the combustion. [27] Therefore, coal-fired power plants using coal extracted from different sources may produce fly ash particles with distinctive physicochemical properties and varying environmental implications. Yet there is no comparative study on the leach and rate of dissolution of iron from fly ash from different source regions.
Recent studies have shown that other tropospheric aerosols, such as mineral dust, are a natural source of iron in oceans. [24] [25] [26] 28] These laboratory studies suggest that 24-h proton-promoted iron solubility from mineral dust ranges between 4 and 14 % of the initial total iron content in the mineral sample. [28] In contrast to combustion particles, which are generated through a highly oxidative process, speciation of trace metals in mineral dust can show a higher fraction of reduced species. [27] In fact, proton-promoted iron dissolution from mineral dust has shown a fairly important fraction of Fe 2þ , ranging between 5 and 38 % of the total iron leached from mineral dust, depending on the source region. [28] This fairly large fraction of Fe 2þ has the potential to impact on the bioavailable iron mobility in the environment. However, combustion particle speciation is thought to depend not only on the source region but also on the boiler combustion efficiency. [26, 27] Thus, a comparative study on the effect of combustion particles such as fly ash from distinctive sources and power plants is important to establish its impact in the environmental availability of iron.
In the present work, we investigate the initial leach rate and yield of Fe 2þ and Fe 3þ from fly ash samples from three different source regions: the United States, India and Europe. All samples were captured in the flue-gas stack before atmospheric acidic processes take place. The significant difference in location ensures a different coal and thermal power-plant boiler, providing a comparative element to this study. This study investigates the leach of iron from fly ash at pH 1 and 2, acidic conditions that simulate the deliquescent layer of an aerosol particle on the uptake of acidic atmospheric gases.
Experimental

Source materials
Three fly ash (FA) samples were obtained from coal-fired power plants located in different regions: the United States of America (USFA) from the Midwest region, Indian fly ash (INFA) from north-eastern India, and European fly ash (EUFA) from a commercially available standard of fly ash (BCRÒ-176R) obtained from the European Commission. All reagents employed for sample characterisation and dissolution experiments were analytical grade. All reagents were used without further purification.
Morphology and spectroscopy of fly ash
The morphology and bulk composition of the FA samples were investigated using scanning electron microscopy (JEOL 6480 LV) coupled with energy-dispersive X-ray analysis (SEM-EDX; Bruker-AXS). In addition, surface areas for all dust samples were determined using an 11-point N 2 -BET (BrunauerEmmett-Teller) adsorption isotherm that was acquired with a Quantachrome Nova 1200 surface-area analyser. The samples were evacuated overnight before the surface area measurement.
Bulk elemental composition analysis of FA particles was measured using Bruker Tracer III-SD X-ray fluorescence spectroscopy (XRF). In addition, total iron content of all three FA samples was measured by atomic absorption spectroscopy (AAS) using a PerkinElmer AAnalyst 800 spectrometer. Approximately 0.1 g of fly ash samples was acid-digested in Teflon vessels using a mixture of 5 mL HNO 3 and 3 mL H 2 O 2 . The vessels were tightly sealed and microwaved in a microwave digestion system (Ethos model, Milestone) for a two-stage digestion method as described by Iwashita et al. [28] Total attenuated reflectance Fourier-transform infrared spectra (ATR-FTIR) of all fly ash samples were recorded with a single-beam Perkin-Elmer FTIR spectrometer, equipped with a ZnSe ATR element and a deuterated, L-alanine-doped triglycine sulfate (DLaTGS/KBr) detector. All samples were deposited on the ATR crystal by pressing the dry powder onto the ZnSe crystal surface. Typically, 400 scans were acquired at an instrument resolution of 4 cm À1 over the full spectral range extending from 800 to 4000 cm À1 . Prior to FTIR analysis, all fly ash samples were vacuum-dried overnight at 373 K.
Iron leach experiments
Dissolution of iron species from fly ash was performed on fly ash suspensions of 1 g L À1 . Isothermal iron leach experiments were performed in a jacketed glass beaker at 298 K with constantly stirred solutions acidified with hydrochloric acid to a controlled pH set to 1.0 AE 0.1 or 2.0 AE 0.1. These conditions simulate cloud processing of tropospheric aerosol particles. [29] Note, Fe 3þ shows low solubility above pH 3.6. [30] The solubility product of concentrations above 60 ppm, a concentration relevant for our iron leach experiments, Fe 3þ begins to precipitate as Fe(OH) 3 above pH 2.4. In fact, increases in pH above this threshold of 2.4 have shown ferric iron precipitation in aqueous solutions with concentrations of Fe 3þ of ,60 ppm. [31] Thus, an upper pH limit of 2.0 AE 0.1 allows the measurement of Fe 3þ in solution without hydrolysis loss of iron. [25] Even though the rate of ferrous iron oxidation is slow, its dependency on pH can lead to oxidation of Fe 2þ , particularly as the pH increases. [32] Thus, in order to prevent oxidation of Fe 2þ once leached from fly ash, all dissolution experiments were carried out under constant nitrogen purge to prevent oxidation by dissolved atmospheric oxygen. [31] This oxygen-free environment allowed a better quantification of both Fe 3þ and Fe 2þ leached from fly ash samples during the suspension experiments. In addition, to control the variations in ion strength in the suspension solution as the dissolution of fly ash particles took place, all acidic solutions were adjusted to an activity of 1 N NaCl. Kinetic measurements started at time t ¼ 0 min, defined as the moment of fly ash loading into the solution. After t ¼ 0 min, aliquots of the suspension were taken periodically, filtered with a 0.2-mm filter, and colorimetrically analysed for dissolved iron content. [33] Dissolved iron speciation was quantified using 1,10-phenanthroline, which forms an orange complex with Fe 2þ with an absorbance band at 510 nm. Total dissolved iron was quantified in the same samples by adding hydroxylamine to reduce all Fe 3þ to Fe 2þ before phenanthroline complexation. For the colorimetric calibration, primary standard ammonium iron(II) sulfate hexahydrate was used to prepare aqueous standard solutions of Fe 2þ at a concentration range from 0.1 to 10 ppm. Hydroxyl ammonium sulfate was also added to each standard solution as a reducing agent, ensuring the presence of Fe 2þ only. On addition of 1,10-phenanthroline solution, a 10-min passivation time was allowed before the absorbance measurement for every standard and sample. All colorimetric complexes absorbances were measured in a Lambda 35 Perkin-Elmer UV-vis spectrophotometer.
Results and discussions
Morphological study of fly ash samples Particle size and morphology have been shown to have important implications in the leaching of iron from aerosol particles.
Atmospheric processing of fly ash
In general, as particles become smaller, a greater proportion of their surface is in physical contact with the acid media and, consequently, available for dissolution. [34] In addition, surface defects and porosity can increase acid media contact area, potentially increasing the initial rate and yield of particle dissolution. In particular, the predominantly spherical particles composing fly ash, which are the result of a controlled combustion process characteristic of high-efficiency power plants, offer a fairly large contact area between surface and proton. As the size of the particles increases, their exposed surface area decreases and their surface-proton contact area drops; nevertheless, as more defects are present in the particles, the surface-acid contact area increases. [34] Therefore, in order to better understand iron leach from the dissolution of the fly ash particles, specific surface area and particle size were investigated.
Specific surface areas, S BET , of the three fly ash samples examined are 1.8 AE 0.1, 0.98 AE 0.03 and 2.8 AE 0.1 m 2 g À1 for USFA, INFA and EUFA respectively. Most particles examined in the fly ash samples were spherical in shape; however, EUFA showed a high proportion of irregular-shaped particles. The relatively high fraction of non-spherical particles found in EUFA suggests an incomplete combustion process, because a higher fraction of spherical particles is an indication of a thorough combustion process. [13] In general, particles are observed to aggregate, with clusters of smaller particles attached onto larger ones, as seen in the micrograph for the fly ash samples investigated in Fig. 1 . Overall, the specific surface area indicates that EUFA will have a larger area exposed to the acidic media, whereas INFA will have a smaller area in contact with the aqueous phase.
Each micrograph shown in Fig. 1 has an elemental mapping that corresponds to the same micrograph, which shows that particles have a homogeneous distribution of minerals containing aluminium, silicon and iron in the spherical particles. In addition, the elemental composition of particles of different sizes is also homogeneous, with no significant difference in the elemental composition between particles of different sizes, consistent with observations made on standard fly ash samples. [12, 13] Fig . 2 shows the size distribution of fly ash particles examined. All size distributions consider only spherically shaped particles, even in EUFA, which has significant number of irregular-shaped particles. In general, spherical particles show a good fit to a log-normal size distribution, [35] as described by Eqn 1:
where n is the number of particles,
is the normalised particle diameter, A and w are the amplitude and width of the normal distribution, d is the particle diameter and d is the arithmetic mean of the particle diameter. For each sample examined, d was determined from a sample of at least 350 particle counts, yielding values of (1.59 AE 0.05), (2.07 AE 0.04) and (4.6 AE 0.2) mm for USFA, INFA and EUFA respectively. The modal diameter, d m , corresponds to the maxima in the lognormal fit shown in Fig. 2 , and it represents the most probable particle diameter in each sample. The d m was determined from the optimisation of the log-normal particle size distribution, the first-order derivative of Eqn 1:
As expected, the maxima in the log-normal modal suggest that the distribution diameters yield values below the arithmetic mean: 0.89 AE 0.08, 1.21 AE 0.06 and 2.2 AE 0.3 mm for USFA, INFA and EUFA respectively. The higher proportion of particles represented by the maxima in the plots in Fig. 2 is ,50 % smaller that the particle size median. Thus, fly ash samples examined have a size distribution and average size representative of those fly ash particles found in the atmosphere, with sizes ,2.5 mm. [11, 12] The probability of smaller particles in the fly ash samples, as suggested by modal diameters, can have important implications in the iron leach on acidic processing. A greater abundance of smaller particles may lead to enhancements in particle dissolution and iron leach, because the available surface-acid interface that leads to the metal leach is inherently larger in smaller particles. [26, 36, 37] In addition, particle defects and porosity will tend to increase the surface available for reaction with H þ ions during the particle acidic processing, which can play an important role in iron solubility. An evaluation of the available surface with respect to the sphericity of the particles, c, allows a comparative assessment of the surface defects of the particles and the combustion process that produced the fly ash samples. The sphericity, as proposed by Wadell, [38] is a dimensionless parameter that was estimated as the ratio of the arithmetic mean diameter of the particles, d, to the geometric diameter of a perfect sphere calculated from the specific surface areas determined through BET, d BET :
For the purpose of the present study, c values lower than 1 are a good indicator of a large number of surface defects and porosity rather than just particle shape. Indeed, given the defects observed through micrographs, all c values are significantly lower than 1. USFA and INFA were found to have sphericity values of (2.1 AE 0.1) Â 10 À6 and (3.7 AE 0.1) Â 10 À6 , indicating that USFA has larger surface defects, allowing a larger physical contact between the particle surface and the acid media. However, the c ratio for EUFA was found to be (4.9 AE 0.3) Â 10 À6 . For USFA and INFA samples, where the particles are mostly spherical, the low c values are an indication of surface defects and porosity. Moreover, EUFA has a smaller specific surface area than suggested by the spherical particles owing to partially combusted particles. Table 1 summarises the morphological parameters in all fly ash samples.
Although the physical contact between particle surface and the acid media suggests a greater surface-proton interaction for USFA, where the largest deviation from a spherical surface is observed, the chemical composition of the particles indicates the effectiveness of the surface-proton interaction towards particle dissolution.
Elemental composition XRF shows a relative higher bulk content of iron than any other trace element. Table 2 summarises the bulk elemental composition of trace elements in all three fly ash samples, normalised without Al or Si. The difference in trace elemental composition in the bulk can be attributed to differences in coal mineralogy for the different regions.
In general, the relative content of iron, with respect to other trace elements, was found to be lower in European fly ash, whereas the largest was found in Indian fly ash. In fact, other than Al, Si and Fe, INFA has less than 5 % of all other trace elements. However, both USFA and EUFA showed a relatively higher content of Ca, with a higher content of Zn in EUFA.
When analysed using AAS, the content of total iron was found to be 38 AE 2, 25 AE 3 and 9.4 AE 0.8 mg g À1 for USFA, INFA, and EUFA respectively. The higher amount of iron in USFA indicates that INFA has a smaller proportion of trace elements relative to USFA. Thus, INFA has a relatively significant fraction of aluminosilicates in its bulk composition, where Al and Si are outside the XRF detection range and not shown in Table 2 . Overall, atomic spectroscopy indicates that the largest amount of iron is found in United States fly ash, whereas European ash has the lowest content of iron. However, the incomplete combustion of EUFA suggests an iron speciation with a higher proportion of Fe 2þ relative to that in USFA and INFA, because inefficient combustion will not completely oxidise all Fe 2þ contained in coal samples. [15] ATR-FTIR spectroscopy of fly ash samples ATR-FTIR spectroscopy provides insight into the composition and chemical properties of the ash samples. The spectra of the dried fly ash samples are shown in Fig. 3 . Fig. 3a shows the entire region from 700 to 4000 cm À1 , with an insert showing an expansion of the region from 2750 to 3800 cm À1 whereas Fig. 3b shows a magnified view of the region from 700 to 1750 cm À1 . Based on previous literature assignments, the vibrational absorption bands are assigned to fundamental vibrational modes in Table 3 .
The inset in Fig. 3a shows a band centred at ,3673 cm À1 for both Indian and European fly ash, assigned to the n(OH) of structural hydroxyl groups. These spectral features suggest that both EUFA and INFA have the potential for formation of relatively more hydrogen bonds on surfaces than USFA. In addition, EUFA shows additional inner structural hydroxyl bands in the region of 3600 cm À1 not observed in either USFA or INFA. In particular, EUFA shows a broad band attributed to the hydrogen bonding stretching region at ,3455 cm À1 due to H-bonded hydroxyl groups. This observation indicates that the mineralogy of EUFA contains non-combusted particles with many interlayers capable of adsorbing water and interacting with H þ ions in the acidic solutions. [39, 40] In Fig. 3b , European fly ash shows absorption bands in the 1400 cm À1 region, assigned to the bending mode of carbonates. In addition, EUFA shows a characteristic band at 1628 cm À1 due to the stretching vibration of -COO-of bicarbonates. [41] These carbonate and bicarbonate spectral features are absent in both United States and Indian fly ashes, indicating the fairly poor combustion of EUFA, as suggested by the higher presence of non-spherical particles seen in the micrographs shown in Fig. 1 .
All fly ash samples show bands in the spectral region from 900 to 1700 cm À1 , assigned to vibrational absorptions bands due to lattice stretching motions of Si-O. Fig. 3b shows differences in frequency and peak intensities over this region for the three fly ash samples. In particular, both USFA and EUFA show n(Si-O) centred at 931 to 1100 cm À1 , contrasting with the same bands displayed at ,1037 and 1152 cm À1 for INFA. This difference can be attributed to the lattice structures. In addition, bands near 780 cm À1 were assigned to deformation modes of Fe 3þ and alkaline earth, d(FeCa-OH). [42] The bands at ,875 cm À1 were also deformation modes of Fe 3þ associated with aluminium, d(FeAl-OH). All fly ash samples showed iron content associated with alkaline earth elements or aluminium. Finally, spectra for all three samples showed d(AlAl-OH) at 930 cm
À1
. Overall, the ATR-FTIR spectra showed that Al and Si were abundant in all three fly ash samples, with some Fe. Moreover, the ATR-FTIR bands indicate the presence of Fe in the samples, which is likely in the oxidation state Fe 3þ because this oxidation state is consistent with the combustion process that generates fly ash. [40] Thus, iron leach from fly ash particles was expected to contain more Fe 3þ . In addition, spectral features suggest that all fly ash samples have exposed edge sites with Al-OH and Si-OH bond terminals, [43] which is consistent with literature reports of silica and mullite (3Al 2 O 3 Á2SiO 2 ) content in fly ash. [44] The formation of mullite and silica in fly ash has been suggested to follow a two-step mechanism during the combustion process, where kaolinite (Al 2 where the loss of the well-crystallised aluminosilicate clay minerals leading to mullite and silica has been suggested to decrease the stability of the mineral, which can lead to faster dissolution rates in an acidic media. [13] Overall, the differences between ATR-FTIR spectra are a reflection of the variations in mineralogy due to the difference in power-plant efficiency and their coal source. The exposed surface available for dissolution will interact with protons and the aqueous phase as a function of its chemical composition and affinity towards water and acidic media. A sample with higher affinity towards dissolution will lead to higher iron dissolution rates. [34] 
Iron leach experiments
Fly ash samples were allowed to dissolve in an acidic suspension, and periodically extracted aliquots were analysed colorimetrically for Fe 2þ and Fe 3þ . Fig. 4 shows the dissolution speciation of iron as a function of suspension time for the three different ashes examined at pH 1.0 AE 0.1. An increase in the concentration of both Fe 2þ and Fe 3þ was observed in all acid solutions. For the suspensions of USFA and INFA, the amount of Fe 3þ in solution was higher than Fe 2þ at any point of the dissolution experiment, as can be seen in Fig. 4a, b .
For comparison purposes, Table 4 summarises the iron speciation in the leach experiments at two different reference points: at 500 min of fly ash suspension in the acidic media, Fe nþ ½ 500 , and at 1440 min (1 day) of suspension, Fe nþ ½ 1440 . This finding supports the observation that Fe 3þ is the predominant form of iron in fly ash, because the combustion process will favour the formation of Fe 3þ oxide over Fe 2þ species. [45] The relatively higher amount of Fe 3þ oxides has been explained as the result of the complete combustion of pyrite (Fe 5=4 S) and magnetite (Fe 3 O 4 , a mixture of Fe 2 O 3 and FeO), common components of coal, through the following suggested two-step mechanism [ [41] d(AlFe-OH) --873 873, [54] 885 [55] d(AlAl-OH) 925 914 915 916, [55] 920 [54] n(Si-O) 989 1006 -992, [55] 995, [54] n(Si-O) 1001 1037 1012 1008, [54] 1060, [54] 1027 [55] n(Si-O) 1100 1152 1100 1116, [55] 1102 [55] n 3 (CO 3 2À ) n.o. n.o. 1411 1410 [55] n 4 (CO 3 2À ) n.o. n.o. 1450 1430 [54, 55] n(HCO 3 À ) n.o. n.o. 1628 1630-1620 [41] n(OH) structural hydroxyl n.o. 3673 n.o. 3626, [54] 3642, [56] 3698 [55] Atmospheric Fig. 4 suggests that iron dissolution from the fly ash samples examined was faster in USFA than in the other samples. Overall, the proton-promoted iron leach from fly ash suspensions exhibits two pathways: an initial, rapid iron leach on fly ash introduction into the pH 1 solution, followed by a slower leach of iron. The fast iron leach occurred on a time-scale faster than our experimental resolution and it was clearly observed in USFA and EUFA leach of total iron, whereas iron leaching from INFA did not show the faster iron dissolution pathway. The rapid dissolution suggested the presence of surface iron species interacting directly with protons through reactions similar to Eqns 8 and 9. [47] The fast pathway rate is extracted from the slope between t ¼ 0 min and the first data point (5 min). However, the slower initial rate was taken from the slope of the linear segment from the first data point, t ¼ 5 min, to the limit of linearity, which was determined from the deviation of the data point with respect to the linear extrapolation at a 95 % level of confidence. [48] Based on our experimental resolution, the lower boundary of the initial rate of this rapid total iron (Fe 3þ þ Fe 2þ ) leach, v f , was estimated to be (3.9 AE 0.4) Â 10 15 molecules cm À3 s À1 and (3.3 AE 0.8) Â 10 14 molecules cm À3 s À1 for USFA and EUFA at pH 1 respectively. In addition, iron leaching from fly ash slowly reached a plateau to a maximum iron leachate concentration in all cases. Considering the iron content in each fly ash sample examined, INFA yielded a considerably lower proportion of its iron content at a slower rate. These observations suggest that the mineralogy variations evidenced by the differences in the ATR-FTIR spectral features, a reflection of the coal source and combustion efficiency, play an important role in the leaching of iron.
The initial, fast leach of iron was followed by a slower leach attributed to the proton-promoted dissolution taking place as the result of H þ ions interacting with particle surface functional groups, such as hydroxyl terminals and, in the case of the incomplete combustion particles found in EUFA, carbonates and hydroxyl groups. [49] As the proton complexes with the fly ash surface, it frees additional iron oxides or iron-containing incompletely combusted particles to continue the dissolution process. [13] The initial rate of the slower proton-promoted leach of iron, v s , and the fast pathway, v f , is summarised in Table 5 .
The slow pathway of USFA is relatively faster than that in INFA, which mirrors the initial rate sequence observed for the fast pathway. It can be observed in Table 5 that the leaching of Fe 2þ was slower than that of Fe 3þ
. The observed initial rate of the slow pathway, v s , for each iron species has a different dependency on the pH:
where Fe nþ FA is the iron available in fly ash present at the surface and in the bulk, n ¼ 2 or 3 and m is the iron leach reaction order. Given the stoichiometric coefficients in Eqns 8 and 9, the initial rate of Fe 3þ leach from the oxide particles primarily present in USFA and INFA was more susceptible to changes in pH than that of Fe 2þ leach. Thus, because the pH was constant throughout the experiment, the initial rate of the second (slow) pathway, v s was faster for the leach of Fe 3þ , as indicated in the data Table 5 . In addition, ferrous iron is mostly found in the bulk of the particle rather than the surface. This suggests that, as the particle progressively dissolves and breaks down in the acidic solution, a higher fraction of Fe 2þ species becomes available for acidic processing. [13] As a consequence, the dissolution initial rate of Fe 2þ is dependent on the dissolution of the surface ferric iron.
The amount of Fe 2þ leached from the EUFA suspension was the highest of the three samples examined. This observation is consistent the characterisation of EUFA particles, which showed an important fraction of non-combusted or partially combusted particles. Iron in non-combusted particles may have been present as part of the crystallised aluminosilicate composition, whereas partially combusted particles have been suggested to have an important magnetite (Fe 3 O 4 ) fraction, as shown in Eqn 6. [46] In all these cases, the composition of the sample includes Fe 2þ . Because the content of iron in EUFA was not necessarily in an oxide form, the initial rate was the result of a combination of Eqn 10 and the leaching of iron content in noncombusted particles. Contrary to the leaching of Fe 3þ in the EUFA suspension, the leaching of Fe 2þ did not undergo the fast pathway observed in USFA, suggesting that the dissolution of Fe 2þ from EUFA samples was the result of bulk Fe 2þ rather than surface iron. This observation suggests that Fe 2þ was mostly contained in unburned minerals, because the combustion process did not consume the framework of the well-crystallised aluminosilicate to expose Fe 2þ . Because the crystal aluminosilicate provides stability to the particles, no rapid dissolution of Fe 2þ was possible. Overall, the initial slow rate of iron leach from EUFA suspension was slower than that from USFA, as summarised in Table 5 . Fig. 5 shows the dissolution speciation of iron for the three different fly ash samples examined at pH 2.0 AE 0.1. As observed in pH 1 suspensions, an increase in the concentration of both iron species was observed throughout the experiment. Overall, as expected from Eqn 8 and 9, the leach of iron slows down for all samples with the decrease in concentration of H þ ions. In fact, the fast leach pathway observed in the pH 1 suspension of USFA and EUFA decreases substantially as the pH increases. In the case of USFA, the fast pathway was only observed in the leach of Fe 3þ , whereas the fast pathway in EUFA was completely suppressed at pH 2. The fast initial rate of the total iron leach from USFA decreased from (3.9 AE 0.4) Â 10 15 molecules cm À3 s À1 at pH 1 to (4.2 AE 0.5) Â 10 14 molecules cm À3 s À1 at pH 2, a drop of ,90 %. Table 5 summarises the initial rate for both the slower proton-promoted leach of iron, v s , and the fast pathway, v f .
In addition, for pH 2 solutions the slow pathway rate showed a similar trend to that observed at pH 1, with USFA having the fastest dissolution rate and the slowest being in INFA. Table 5 summarises the initial rates for both pH 1 and pH 2. It can be seen that the values of v s at pH 2 show no statistically significant change for the leach of total iron, Fe 2þ and Fe 3þ from USFA. However, v s for the leach of total iron at pH 2 significantly dropped for the other samples studied, with a decline from pH 1 of 83 and 47 % for INFA and EUFA respectively. In all cases, the concentration of iron slowly reached a plateau to equilibrium concentrations.
In order to make a direct comparison of the iron leached from each fly ash sample, the concentration of total iron remaining in fly ash at a given suspension time t was calculated from the normalised concentration of total iron leached and the iron content in the fly ash loading, as determined by AAS analysis and the experimental suspended fly ash loading of 1 g L
À1
:
Fraction of iron remaining in fly ash samples ½ t represent the concentration of total iron(II) and iron(III) leached at a time t, respectively. Fig. 6 shows the time progression of the fraction of total iron remaining in the fly ash samples. Using Eqn 11, the fraction of total iron leached from USFA was estimated ,80 % beyond 500 min of suspension for both pH 1 and 2. Conversely, total iron dissolution from INFA was ,10 % for both pH 1 and 2. Finally, EUFA in pH 1 solutions reached a maximum fraction of iron leached at ,150 min of suspension, with a higher fraction of iron leached at pH 1. Previous dissolution experiments at pH 1 that used fly ash standard materials with higher Fe 2þ content than the samples used in the present study showed a total iron leaching of ,50 %. [13, 25] Although this observation is consistent with the total iron leaching from EUFA, the sample with the largest leaching of ferrous ions, our results suggest that a combination of particle size and mineralogy, as well as the coal-combustion efficiency, plays an important role not only in the solubility of total iron but also in the iron speciation in the solution phase. In fact, Fig. 6b indicates that the dissolution yield does not correlate with a single property, suggesting that it is a combined effect of the mineralogy, surface area and morphology of the fly ash sample. Significantly, USFA, the fly ash sample with the largest relative iron content reported in the current work, shows the highest iron solubility at the fastest rates. In fact, the fast pathway at pH 1 for USFA accounted for over 50 % of the total iron leached. However, the fast pathway at pH 1 for EUFA accounted for ,18 % of total iron leached into solution. In addition, as observed in Figs 4 and 5, only a short fast pathway was observed at pH 2 in USFA, which accounted for only 2 % of the total iron leached. With the exception of EUFA samples, most of the total iron reported in Fig. 6 corresponded to Fe 3þ . Finally, Fig. 6 shows that pH 1 total iron dissolution was consistently faster than at pH 2, because the fraction of total iron in fly ash reached a plateau earlier at the lower pH. This observation supports the rate dependency on the concentration of H þ , as expressed in Eqn 10. This result suggests that variability between fly ash source regions has distinctive atmospheric effects.
Conclusions
Recent field observations suggest that fly ash particles can be considered a source of atmospheric iron. [1, 7, 8, 50] However, most laboratory studies available use fly ash standards, with no distinction between source regions of combustion process. [13, 25] The comparative study we present here shows that the atmospheric acidic processing of three different fly ash samples from three different sources, the United States, India and Europe, yields significant variations in iron mobilisation. The proton-promoted dissolution of iron shows the relative percentage of iron leached from each sample is in the order USFA . EUFA . INFA. Compared with mineral dust dissolution, combustion aerosol samples may play a more important role in mobilising Fe 3þ than Fe 2þ . [26, 51] Our study suggests that particles that are only partially combusted or not-well-combusted particles will leach bioavailable Fe 2þ in the deliquescent layer of an aerosol particle on the uptake of acidic atmospheric gases. Thus, the combustion efficiency of coal-fired power plants plays a significant role in the speciation of iron mobilised by atmospheric acidic processing.
Our results also indicate that the impact of pH on the rate of iron dissolution varies significantly with the source region. In particular, USFA shows a two-step pathway of iron leaching: the initial rate of iron leached from USFA shows a pH effect only for an initial fast dissolution pathway; there is no statistically significant influence of pH for the slower pathway. Conversely, samples from India and Europe show mostly a single slow pathway, with a rate that drops when the solution acidity decreases from pH 1 to 2. This difference could be due to a higher proportion of surface and labile iron in USFA compared with that in INFA and EUFA. Nevertheless, changes in the pH continue to show the same proportion of iron speciation, showing a significantly higher proportion of acid-mobilised Fe . In fact, the acidic processing of the fully combusted samples (USFA and INFA) examined in our work shows that for USFA, 93 % of the iron leached is Fe 3þ , whereas for INFA, 88 % of the total iron leached is Fe 3þ . On the basis of these results, it can be proposed that coal that is only partially combusted could be a significant source of bioavailable iron in the atmosphere. In order to better understand the biogeochemical cycle of atmospheric iron, additional reduction mechanisms of iron should be considered. [52, 53] 
